Abstract. A 5.28 m-long ice core was extracted from a major cave ice body in the Mammuthöhle cave system. The upper ∼1.2 m of ice most likely originate from precipitation fallen before the 1960s (based on <8.5 TU). Characteristic fluctuations in electrical conductivity were observed in the cave ice profile, which seem to mirror the fluctuation of karst and surface water in the water supply of the ice accumulation. The stable isotope composition does not support the hypothesis that ice layers with low conductivity are formed by freezing out of water vapour. Isotope fractionation effects during the freezing process are indicated by the enrichment of heavy stable isotopes ( 2 H, 18 O) in the ice compared to the potential sources (local precipitation, karst water) and by the characteristically low d-excess values. In addition, the cave ice water line shows a slope coefficient of 8.13. A two-component open-system model (i.e. a depleted component mixed with the freezing water) can adequately explain the measured isotopic compositions of the Saarhalle cave ice.
Introduction
Mid-latitude glaciers are well-known archives of past environmental conditions (e.g. Wagenbach, 1989; Schwikowski, 2004) . Traditional methodological protocols favour glaciated terrains located in the dry firn or cold percolation zones with relatively high accumulation rates. Due to basic glaciological constraints, however, the available time span of these records
Correspondence to: Z. Kern (kern@geochem.hu) is limited. Recently, researchers have started to explore previously neglected low-accumulation environments (Wagenbach and Spötl, 2010) such as miniature ice caps (Haeberli et al., 2004) and perennial cave ice accumulations (Claussen et al., 2007; Holmlund et al., 2005; Turri et al., 2009; May et al., 2011) . The latter, however, can have a complex origin as their water can be derived from snow, freezing karst water, or freezing out (re-sublimation) of water vapour. The relative importance of these sources can vary from cave to cave and it is unrealistic to expect that a single model can be used to interpret environmental proxies (e.g. accumulation rate, isotope fluctuations) from cave ice deposits. For instance, cave ice was found to be significantly isotopically enriched compared to local mean annual precipitation (e.g. Lauriol and Clark, 1993; Fórizs et al., 2004; Claussen et al., 2007; Perşoiu et al., 2007; May et al., 2011) . This is not a general rule, however, because cave ice locally is comparable or even more depleted than the local precipitation (e.g. Yonge and MacDonald, 2006; Luetscher et al., 2007; Kern et al., 2009a) . Detailed studies are therefore required for each individual ice cave to understand these systems (Yonge and MacDonald, 2006; Turri et al., 2009) .
Mammuthöhle is one of a series of alpine caves where stratified perennial ice exists.
The main purposes of this paper are: 
Site description
Mammuthöhle system is located in the Dachstein Mts of the Northern Calcareous Alps (Fig. 1a) . The total length of all passages in Mammuthöhle amounts to 65 km, and the vertical extension is 1207 m which makes it the third longest and fifth deepest cave in Austria. The host rock is Upper Triassic Dachstein Limestone. Mammuthöhle has a long and complex history (Plan and Xaver, 2010) and its large phreatic parts (halls and galleries) are believed to have formed ∼10 Ma ago (Frisch et al., 2002) . Twenty-one entrances are currently known and the highest one is located at 1828 m a.s.l. while the deepest entrance opens at 1259 m a.s.l. Due to these multiple entrances situated at different elevations a complex ventilation regime characterizes this cave system. One of the ventilation subsystems includes the western part of the cave where Saarhalle is located. The characteristic seasonal air flow within the system is directed inward during winter and outward during summer. The Saarhalle, however, shows a particularly unique sub-regime within the main classical dynamic system, inasmuch as no air movement could be detected in this large chamber after the system's switch to the summer ventilation mode. Consequently, Saarhalle is regarded as a chamber with rather sluggish ("static") ventilation.
The effect of winter cooling in some parts of the western subsystem is sufficient to maintain permanent cave glaciation. Two chambers host major ice deposits, i.e. Feenpalast and Saarhalle. The Saarhalle ice body (Fig. 1b) is the larger one. Its extension is 40 by 15 m and the estimated maximum ice thickness is ∼6 m (Behm and Hausmann, 2008) . The sediment substrate is dominated by large boulders and the ice body rests in a bowl-like depression (Behm and Hausmann, 2007; Hausmann and Behm, 2010 ) so lateral ice flow or sliding is regarded unlikely.
The western entrance (1392 m a.s.l.) opens close to Saarhalle whose exact location within the large cave system is shown in the cave map (see Supplement).
A temperature monitoring network was installed in Mammuthöhle between 1999 and 2000. The monitoring data revealed that the air temperature in the Saarhalle follows the temperature fluctuations of the Feenpalast with a reduced amplitude during the winter ventilation regime (∼from November to early May, Mais and Pavuza, 2000) . This suggests that the cold outside air enters the Saarhalle chamber via the Feenpalast. On the other hand, air temperature rises slightly above the freezing point (0.1-0.2 • C) during the rest of the year. Ice accumulation is thus unlikely during summer. In addition, no ice forms during the maximum winter cooling when cold surface air invades the system, dries up upon warming inside the cave and causes sublimation of the ice surface. This process has been described from the Eisriesenwelt system (Obleitner and Spötl, 2011) which shows a similar bidirectional dynamic ventilation pattern, and has been studied in details in other (e.g. cold trap-like) ice caves during the winter mode (e.g. Rajman et al., 1987; Perşoiu 2004) . The only period when ice accumulates is the spring season when very cold snow melt enters those passages of the cave that have been chilled by the winter ventillation.
The mean annual air temperature in the Saarhalle ranged from −0.10 • C to −0.46 • C in the 1996-2000 period, and the long-term average was −0.30 • C. The ice level shows a steady decrease since 1996 at a nearly constant rate of 7 cm yr −1 (Mais and Pavuza, 2000; unpubl. data) . Rock overburden above Saarhalle is estimated to 60 m.
Following the process-based classification of alpine ice caves (Luetscher and Jeannin, 2004 ) the Mammuthöhle system can be classified as a dynamic cave with congelation ice, but within this large dynamic system Saarhalle can be regarded as a static chamber.
Radiocarbon dating of a wood remnant found at the base of Feenpalast's ice body ten years ago yielded an age of 695 ± 35 yr (sample GrA-14417; Mais and Pavuza, 2000) . The calibration provides two separate intervals for the two-sigma range (1259-1352 cal AD 68.3%, and 1318-1390 cal AD 27.1%) using the current calibration dataset (Reimer et al., 2009) . This suggests at least 600 yr-old ice
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www.the-cryosphere.net/5/291/2011/ Z. Kern et al.: Isotope hydrological studies of the perennial ice deposit of Saarhalle, Mammuthöhle 293 at the base of the Feenpalast ice body. This date, however, might have little relevance for the age of the Saarhalle ice body as this chamber is situated in a more remote sector of the system. So far, no macroscopic organic material was found in the ice of Saarhalle.
Materials and methods

Ice drilling
We extracted an ice core from the ice body of Saarhalle in September 2009 with a manual drilling equipment. The location of the drill site was selected using Ground Penetrating Radar (GPR). The drilling was made on the flat surface of the ice where GPR sounding suggested a maximum ice thickness of 6 m and pronounced layered internal structure (Hausmann and Behm, 2010) . The 5.28 m-long core (diameter 3 cm) was split into 105 subsamples labelled MH1 to MH105, starting from the surface of the ice body downwards, each ∼5 cm long. One sample (MH7) was lost during sampling. Each subsample was put into a dry, clean and sterile 120 ml plastic bag. In the laboratory the samples were allowed to melt completely, 12 ml of water were pipetted into glass vials and stored in a refrigerator for stable isotope analysis. The rest of the samples was used for tritium concentration and electrolytic conductivity measurements. The level of the ice was anchored before the coring and all depth data is referred to as "depth below the September 2009 ice surface".
Tritium measurements
Tritium activities were determined using a liquid scintillation counting (LSC) technique on eight non-neighbouring samples (MH1, MH4, MH8, MH10, MH13, MH16, MH19, MH22) spread over the upper 1.2 m-long part of the core. Water samples were distilled before LSC measurements to minimize quenching (Svetlik and Budska, 2001 ). 10 mL of distilled water was mixed with 10 mL of Ultima Gold LLT cocktail in a low-diffusion PE-vial and measured using a Wallac 1220 Quantulus (Perkin Elmer) ultra-low level liquid scintillation spectrometer at the Institute of Nuclear Research Hungarian Academy of Sciences. Measuring time was 750 min per sample, resulting in a critical level (L C ) of 8.5 TU (tritium units, 1 TU = 0.1183 BqL −1 ; Curie, 1995) . The L C was fairly high as it was not possible to apply electrolytic enrichment due to the small sample amount.
Electrolytic conductivity
Specific electrolytic conductivity (EC) was measured on melted water samples at the Institute of Nuclear Research (HAS) using a LABCOR Consort C533 instrument. Results were corrected to 25 • C and are reported in µS cm −1 .
Stable isotope analysis
Stable oxygen and hydrogen isotope measurements were carried out using the CO 2 -H 2 O equilibration method (Epstein and Mayeda, 1953 ) and the H 2 -H 2 O equilibration using a Ptcatalyst (Prosser and Scrimgeour, 1995) . One ml water was used for δ 18 O and 1 ml for δD determination. The equilibrated CO 2 and H 2 gases were measured using a Finnigan Delta plus XP mass spectrometer in continuous-flow mode at the Institute for Geochemical Research, HAS.
Stable isotope values are expressed in the conventional delta notation relative to the Vienna Standard Mean Ocean Water (VSMOW) standard. A two-point linear normalization was applied to calibrate the raw data (Paul et al., 2007) . The precision of the measurements are ±0.2‰ and ±2.0‰ for δ 18 O and δD, respectively. All samples were analysed in duplicate and measurements were repeated when duplicates showed a larger difference than the analytical uncertainty.
Insoluble residue
As many samples were distilled for tritium measurements during an earlier stage of this research, only a few samples could be studied over the upper 1.65 m of the core for the insoluble residue and the record is continuous only from sample MH32 downward.
Insoluble impurities were inspected using a binocular microscope (Zeiss Discovery V20 SteREO) and four types could be distinguished: The most abundant types are the first two ones. In order to characterize the relative abundance, the following simple classification scheme was applied: , 2004) . Current levels of tritium activity were calculated using a half-life of 12.32 yr (Lucas and Unterweger, 2000) . The three nearest karst springs were selected from the dataset of karst water monitoring network of the Dachstein area (Scheidleder et al., 2001) . These are the Koppenbrüllerquellen, Meisenbachquelle and Hirschbrunn. Their stable isotope and electrolytic conductivity data were used as a reference of the local karst water. Conductivity values of these three springs ranged from 9 to 200 µS cm −1 . The lowest value seems to be an outlier as it is not only unusual for karst water but also close to the lowest range of local rainwater (3-20 µS cm −1 , Kralik et al., 2005) . The other data show values in excess of 120 µS cm −1 and this value was adopted as a threshold for the range of the "local karst water".
Results and discussion
Tritium data
Serial 3 H measurements is a powerful tool to date cave ice deposited from precipitation during the past ∼60 yr (Horvatinčić 1996; Horvatinčić and Krajcar-Bronić, 1998; Kern et al., 2009b) . However, in the present case the tritium activities were uniformly below the detection limit (8.5 TU) of the method. Keeping in mind that the Saarhalle ice body has shown a continuously negative mass balance since 1996 (−7 cm yr −1 ; Mais and Pavuza, 2000; unpubl. data.) , this fact not only excludes the existence of recent ice at the surface but also corresponds with 91 cm of cumulative ice loss during the past 13 yr.
Comparing the detection limit (8.5 TU) of the decaycorrected time series of precipitation at Feuerkogel and Vienna it is evident that precipitation fallen between ∼1961 and 1981 should still exceed this level (Fig. 2) . Consequently, all analysed ice samples are older than 1961 or younger than 1981. Considering the observed ice loss we estimate that the accumulation rate prior to 1996 was slower than 2.61 cm yr −1 if today's uppermost layer is older than 1961. Alternatively, the average accumulation rate should had been higher than 14 cm yr −1 prior to 1996 if the lowermost measured sample is younger than 1981.
Historical observations do not support periods of pronounced ice formation prior to 1996. Keeping in mind that the observed inter-annual fluctuation of ice surface changes also showed only a modest variability since the onset of systematic monitoring we regard an abrupt shift from a very high accumulation rate (i.e. 14 cm yr −1 ) to the observed rate of −7 cm yr −1 as unlikely. So we reckon that the uppermost ice layer of the core formed from precipitation fallen before the 1960s.
Conductivity and insoluble residue
EC values range from 39.6 to 220 µS cm −1 . EC shows less variability over the upper 1.3 m of the core and in the section below 3.3 m. In contrast, EC exhibits large fluctuations in between. A comparison with values of the local karst springs shows that cave ice samples largely overlap with the values of the karst springs except for some very low EC values (Fig. 3a) . Two possible reasons could explain the lower values measured in the ice core. Firstly, they might indicate water from fast infiltration which had minimal contact with the soil or the carbonate host rock. Secondly, an ice layer formed by condensation and freezing of water vapour could also result in low conductivity values.
The correlation between EC and the three abundance classes of "white/yellowish micro-plates and aggregates" and "ochre mud" are r = −0.12 and r = 0.7, respectively. This indicates that the main cause of EC variability in the Saarhalle ice core is not linked to the presence of cryocalcite but is associated with changes in the ion content of the water source.
EC values of ice of Eisriesenwelt cave (Tennengebirge Mts, Austria) are similarly variable but characteristically lower than those from Saarhalle (May et al., 2011) , despite the fact that both caves developed in the same host rock and occur at similar elevations. In addition, May et al. (2011) observed a different relationship between EC and the occurrence and abundance of insoluble particles. This suggests local differences in the partitioning between karst water and surface water in the cave ice accumulation in the two cave systems.
Other insoluble particles are far less common in the Saarhalle ice samples. Black grains were observed in two samples (MH92, 4.62 m and MH98, 4.9 m) and require further investigation. Finally, small angular limestone fragments were also observed in two ice samples (MH98, 4.81 m and MH102, 5.1 m). They possibly indicate enhanced frost shattering events in the past.
Stable water isotopes
Stable isotopic data of the cave ice samples range from −12.95‰ to −9.51‰ and from −92.8‰ to −66.2‰ for δ 18 O and δD, respectively (Fig. 3c) . The isotope values are weakly anti-correlated with EC (r = −0.18 for δ 18 O vs. EC, p = 0.01). Deuterium excess (d = 8*δ 18 O+10, Dansgaard, 1964) varies between 6.2 and 12.7.
The mean stable oxygen isotopic composition of the cave ice (−10.88‰) is less depleted than the mean values of both potential sources, i.e. the long-term amount-weighted annual mean δ 18 O value of precipitation at Feuerkogel (−12.79‰) and the average of the three karst springs (−12.16‰; Table 1 ). One potential explanation could be a seasonality bias, i.e. cave ice formation during certain periods of the year only. Given the fact that ice formation occurs preferentially during spring the expected heavy isotope ratio should actually be lower than that of the outside mean annual precipitation, i.e. the opposite of what is observed in our samples. This is supported by the d-excess values which are lower than those of the precipitation or the springs for all seasons. These lower d-excess values together with the comparably high isotope values strongly hint toward kinetic fractionation during ice formation, i.e. preferential incorporation of the heavy isotopes of H and O into the ice. The process is known from basal ice of glaciers where repeated melting-freezing cycles take place (Jouzel and Souchez, 1982) and has been suggested for other cave ice occurrences (e.g. Citterio et al., 2004; May et al., 2011; Persoiu et al., 2011) . Assuming freezing in a closed system the estimated freezing slope is ∼6.7 as calculated by the JouzelSouchez model using the fractionation factors of Lehmann and Siegenthaler (1991) and either the karst water or annual mean of the amount-weighted precipitation from Feuerkogel.
However, an open-system approach could represent a more adequate model for the ice formation in the Saarhalle. In an open-system slightly lower slopes are expected (Souchez and Jouzel, 1984) . However, the cave ice data from the Saarhalle do not tend to diverge from the water line of the potential source waters (Fig. 4) . The calculated slope of the cave ice water line is above 8 (Table 1) . Hence these findings can be explained neither by closed-system freezing nor by a simple open-system model. Souchez and de Groote (1985) studied the basal ice of Grubengletscher. They found a lower d-excess in basal ice compared to glacier ice (regarded as reflecting annual precipitation) and the slope of the δ 18 O vs. δD regression was 8.19 for basal ice compared to 7.96 for the glacier ice. They simulated the process where isotopically depleted water was mixed with initial water in the course of freezing. They found that if the input rate of the depleted component is relatively high compared to the freezing rate the deposited ice is isotopically enriched relatively to the parent water and the water line approaches 8 but with a lower d-excess.
Karst springs from the Koppenwinkel area of the Dachstein Mts show that less depleted water is present in the karst aquifer in early springtime before snowmelt (Scheidleder et al., 2001) . When the peak of snowmelt-derived water arrives (April-May) karst water becomes most depleted in the annual cycle. A similar phase shift has been recently Table 1 . Basic statistics of δ 18 O and d-excess data of the Saarhalle ice core compared to the regional atmospheric precipitation (Feuerkogel, ANIP, 2010) and local karst springs (Scheidleder et al., 2001 reported from a Romanian ice cave (Kern et al., 2009a) , where late spring ice accumulation was fed by drip water isotopically comparable to that of the previous winter precipitation due to the delay effect of infiltration. For the case of the Saarhalle ice body the isotopically less depleted spring karst water could play the role of the first component mixed with snowmelt (the heavily depleted second component).
It is important to note that the isotope compositions of those ice layers with low EC values are not different from the other samples (Fig. 4) . Had these ice layers originated from freezing of water vapour they should plot well above the local meteoric water line (Lauriol and Clark, 1993; Lacelle et al., 2009 ). Since this is not the case we suggest a flush-like inflow through the epikarst into the Saarhalle which could account for water characterized by low conductivity values. Freezing definitely shifted the composition of these layers towards less depleted isotope values. However, as the mean isotopic composition is slightly higher and the d-excess slightly lower in these low-EC samples than for the rest of the ice core a less depleted input component is suggested by the open-system mixing model. We hypothesize that the flushes preserved in these low-EC layers might have originated from early spring rain which is characteristically less depleted than winter precipitation and the d-excess of spring precipitation is lowest in this region (Fröhlich et al., 2008) .
Conclusions
The upper ∼1.2 m of ice and the uppermost ice layer likely formed from precipitation fallen before the 1960s (based on <8.5 TU)
The cave ice samples show similar EC values to the local karst water, except for a few ice layers with significantly lower EC values. Stable isotope data argue against freezing of water vapour as a cause for these low EC values.
The isotopic characteristics of the cave ice samples can be explained by a mixed-component open-system freezing model as described by Souchez and de Groote (1985) , i.e. isotopically less depleted early spring karst water mixes with isotopically strongly depleted snowmelt water.
Determining the age of the ice deposit remains a challenge. We will try dating using the 3 H-3 He ingrowth method (detection limit ∼0.1 TU; Palcsu et al., 2010) . In addition, the correlation of GPR profile (Hausmann and Behm, 2010) with conductivity and stable isotope profiles is an exciting future task.
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